Recent and future re-entry vehicle designs, such as the CEV, use ablative material as the main component of the heat shield of their thermal protection system. In order to properly predict the behavior of the vehicle, it is imperative to take into account the gases produced by the ablation process when modeling the reacting flow environment. In the case of charring ablators, where an inner resin is pyrolyzed at a relatively low temperature, the composition of the gas expelled in the boundary layer is complex and might lead to thermal chemical reactions that cannot be captured with simple flow chemistry models. In order to obtain better predictions, a proper gas flow chemistry model needs to be included in the CFD calculations. The present paper proposes an extensive set of reactions that are relevant to carbon-phenolic ablators, such as PICA, the ablative material that was used on the Stardust return capsule and that will be used on the entry vehicle of the Mars Science Laboratory (MSL).
I. Introduction
The Thermal Protection System (TPS) of a re-entry vehicle is one of the key components of its design. The materials used for the TPS can be classified into two main categories: ablative materials, as in the one used on Apollo missions, and non-ablative materials, such as the ceramic tiles used on the space shuttle. The former can also be divided into two sub-categories: charring (also know as pyrolyzing) and non-charring ablators. The theory behind the use of ablators is quite simple: the energy absorbed by the removal of material from the surface is not used to heat the TPS, thus keeping the vehicle at a relatively "cold" temperature. In the case of charring ablators, the ablative material is a resin which fills the pores of a carbon matrix. Although the matrix might ablate, it usually does not, thus preserving the original geometry of the aerodynamic surface during re-entry.
In order to properly model the heat rates at the surface of the vehicle, the ablating boundary condition must take into account many phenomena: surface recession, wall temperature, blowing rates, gas composition, surface chemistry, etc. However, to account for the effects of the pyrolysis gas on the vehicle, the chemistry model of the flow field must include the reactions associated with the presence of this gas. Although models have been proposed in the past, 1, 2 sensitivity analyses on reactions were not performed, important reactions were not included, and some of the reactions rates were inappropriate or simply outdated. The present paper tries to improve on those models by addressing these omissions. Because ablation coupling is becoming an increasingly important research topic, 3-9 the development of an accurate, yet usable, chemistry model is of great importance.
The elaboration of the model is done following the methodology proposed by Ref. 10 . In this regard, three models are developed. The first one, the complete model, takes into account as many chemical reactions and species as is reasonably possible, regardless of their apparent importance. The second model, the reduced model, uses sensitivity analysis to reduce the number of species and reactions, considering key parameters such as temperature and the mole fraction of important species. The third model, presented in a future communication, will further reduce the reactions and species so that it can be used efficiently in hypersonic CFD codes.
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II. Complete model
A. Species selection
Air species
Because the model is intended to be used in Earth's atmosphere, it is therefore important to include air species. In order to be thorough, ionized species are also included: 
Ablation species
The surface ablation and pyrolysis of carbon-phenolic material is a complex chemistry problem. In order to evaluate the chemical composition at the surface, the re-entry trajectory of the Stardust vehicle and proposed trajectories of the CEV are used. One of the assumptions is that, at the surface, the gas is at thermochemical equilibrium. The method of analysis for the thermal protection system begins with computing the flow field over a discrete set of points along the estimated flight trajectory to sufficiently capture the heat pulse. High fidelity solutions are computed at several points in the trajectory with the CFD code DPLR. 13 For Stardust, these discrete solutions are interpolated (using engineering relationships) in time along the trajectory. The heat transfer coefficient, the surface pressure and the freestream enthalpy are the environment inputs calculated for each body point along the entire trajectory and used in the material code response, FIAT. 15 For the CEV cases, the aerothermodynamic analysis tool CBAero 16 is used to provide the same input parameters.
For the current analysis, for Stardust, only the conditions at the stagnation point are considered, without accounting for the contribution from the radiative heating (∼10%). For CEV, three body points are considered with two different heating levels calculated using different margins. The FIAT version 2.4 material response code
15 is used to model PICA material response. The material properties (heat capacity, thermal conductivity, emissivity) of the material in the TPS stack are read from the FIAT material database. The 3.3 version of the PICA 17 model is used in the present analysis; a representative composition, taken from Ref. 1, is shown in Table 2 . FIAT provides quantities such as surface temperature, density profiles, recession, ablation and pyrolysis.
For selected time steps throughout the two analyzed trajectories, the pressure, B g and B c values predicted by FIAT are then extracted and input to the Multicomponent Ablation Thermochemistry (MAT) code.
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When given this information, MAT calculates back from the B tables the species mole fractions according to JANNAF information corresponding to the wall temperature predicted by FIAT.
From these results, trajectories points are chosen so the widest possible combination of pressure and temperature is represented. Figure 1 shows the parameter space represented by those points.
The MAT results are used to select which species are to be considered in the model; as listed in Table  1 , only the species with the highest concentrations are kept. In order to be self-consistent, the species are not chosen using a threshold value, but instead, are selected by summing their mole fraction and making sure the error is kept below 0.1%. This ensures that the species chosen would be representative of the actual computed values. In order to be even more thorough, the species enthalpy could have been considered, as well as the elemental mass balance. Using this method, the following species are selected (excluding air species):
It is to be noted that this methodology is not respected for the trajectory point 17; in this case, the error is approximately 4%. This is due to the fact that the JANNAF thermodynamic database, used by MAT, is outdated and gives inconsistent results for some situations. For instance, the C 6 H molecule was present, even though it should not appear from the equilibrium decomposition of phenol.
Boundary layer species
Ablation species are likely to be broken down as they travel through the boundary layer and in the post-shock layer. Therefore, it is important to include possible reaction paths leading to smaller molecules, as well as species from important reactions. This requires consideration of:
as well as the hydrocarbon species:
Because this type of heat shield is mainly used to accommodate very high speed re-entries, such as Stardust, it is important to include the main ionized species. Even though the ionization process will occur in the shock layer, the charged particles could potentially still reach the boundary layer. Additionally, through associative ionization, electron-impact ionization and, especially, charge exchange reactions, some of the carbon species could be ionized. Therefore, the following species are included:
The following molecules are also added to the set because they are part of the chemical reactions that could be important when the pyrolysis gas is heated in the boundary layer:
It is also noted that the following molecules are added to the model for experimental validations purposes:
Argon species are included because Argon is the usual carrier gas for most experiments of this type; these are not expected to impact the reaction mechanism. The other species are the initial "cold" species used in the experiments; they are not expected to be created while reacting with other species in the temperature and pressure range of interest, and they usually dissociate instantaneously when passing through the shock. Therefore, the present complete model includes 55 species.
B. Reaction selection
Because phenolic vapor, produced by the pyrolysis of carbon-phenolic, is very similar reaction wise to a combustion problem, the rates gathered from that field are used as a basis for the complete model. Because it is accurate, complete, and comprehensive, the GRI-MECH database, 19 built by The University of California at Berkeley, Stanford University and The University of Texas at Austin, has been chosen. One of the problems with those rates is that they are only valid up to 5000 K, which is not a sufficient temperature range for the gases out of the boundary layer. However, since the pyrolysis gases are not expected to enter regions of the flow where higher temperatures are reached (i.e. the shock layer), this assumption is valid for the current application. To account for the gases that are present in high temperature regions, reaction rates relevant to those regions are replaced by those from Ref. 1 and Ref. 10 , which were validated across a wide temperature range. Some reaction rates, taken from recent publications, were also added or replaced in the base model. This model, not presented here, is composed of 240 reactions.
III. Validation
In order to validate and help select the appropriate kinetic rates for a reduced model, results from a series of shock tubes experiments are chosen and compared with results from the numerical model. The experiments selected have test conditions that are relevant to an ablating boundary layer environment, and highlight kinetic rates and molecules that are important to the model. Most of these experiments were used to compute some of the chosen rates, but their ranges of validity might be limited. Therefore, the objective is to select rates that give satisfactory agreements with data from a wide range of experiments. To illustrate this effort, the reaction CN + O CO + N is used. Since CN is a strong radiator, this reaction is one of the most important, and therefore, many experiments were designed to try to determine its reaction rates. Seven of those rates are selected (listed in Table 3 ), and compared to two different experiments, using the complete chemistry model described in the previous section. As can be seen in Fig. 2 , for experiments that are specifically designed to highlight the effects of these kinetic rates, changes in one rate, at those specific experimental conditions, correspond to a wide range of results. The objective therefore is to choose a rate that has been validated over the widest temperature and pressure ranges, and that gives the best matches when compared to multiple experimental data. As seen on the figure, this is not necessarily an easy task, as certain rates provide a good fit with one data set but a poor fit with another. In this particular case, it seems appropriate to focus on the agreement for the CN species than to focus on O, as CN tends to be more radiative. Consideration of relative errors also helps to select the best rate; for instance, since the CN mole fraction rapidly goes zero, the relative error becomes very large, which is not the case in the other figure. Finally, it is also important to consider the experimental conditions used to determine the rate, especially to determine whether the temperature and pressure range is valid for the problem at hand. In this particular case, the theoretical rate computed by Ref. 25 was chosen for the above reasons, as well as for the multiple experimental validations which they performed and presented. 
IV. Experimental comparisons
In order to validate the proposed complete model, multiple zero dimensional simulations are performed using the CHEMKIN 26 package, and compared to available experimental data. The experiments presented here are selected because they are typical of an ablative boundary layer during hypersonic re-entry. As can be seen in Fig. 3 , the model fits the data remarkably well, which is expected since some of the presented experiments were employed to validate and even compute the kinetic rates used in the model. The discrepancy observed in some of the graphs, FIg. 3b) , c) and f), in particular, is caused by the choice of a different reaction rate than the one obtained from the experimental data. As shown earlier, the results from changing one kinetic rate can have a non trivial impact on the concentration of the species over time. A detailed explanation of this is presented in. 10 The results presented here, although not perfect, are considered to agree remarkably well with the experimental data.
V. Reduced model
A. Species and reactions selection
Following the methodology developed in Ref. 10 for Titan atmospheric entries, the complete model is simplified to a reduced model. In order to do so, a sensitivity analysis is performed using the software SENKIN, part of the CHEMKIN package.
26 SENKIN performs a non-linear sensitivity analysis on the rate coefficients and output the results on the form of normalized maximum sensitivity parameter S. For each reaction r, S is computed over time using: Where X t represent the parameter onto which the sensitivity analysis has been performed at time t, and k r is the kinetic rate of reaction r. X max is chosen as the maximum value of X t over the simulated time. The parameters deemed relevant for ablating Earth entry are the temperature and the number density of CN, CO, H 2 O and OH.
Validation is performed via a zero dimensional analysis. In order to perform a sensitivity analysis, a parameter space based on temperature, pressure and gas composition is defined. Thermogravimetric analysis (TGA) indicates that the onset temperature of pyrolyis for PICA in air is around 560 K while in argon is around 650 K. 30 Thus, for the purpose of the current analysis, a lower temperature boundary of 700K was chosen. Because the ablating gas is not expected to leave the boundary layer, the value of 6000 K is selected for the upper temperature value. For the pressure, a minimum of 1 × 10 −4 atm and a maximum of 0.5 atm is chosen; these values are based on the re-entry trajectories presented (partially) in Fig. 1 . The red square in that figure illustrates this parameter space. Figure 4 shows an example of this type of analysis; only the reactions that have a sensitivity of 1% of the maximum sensitivity are shown. The sensitivity analysis is also used to eliminate the unimportant species based on the criterion that these species have a molar concentration of no more than 1%. From this analysis, the species that are kept are:
The ionized air species also need to be kept because of their presence in the shock layer (which is not part of this analysis), as well as their possible interaction with boundary layer species. Therefore, the following are also kept:
As mentioned earlier, some molecules do not exist in significant concentration, but allow important, if not crucial, reactions to take place, and therefore, need to be present in the models. The species that are deemed important are:
Finally, because of their radiative properties, the following species are also included in the reduced model:
The model therefore contains 38 species.
Using the present sensitivity analysis, it is possible to significantly reduce the number of chemical equations in the model. Therefore, the equations that provide a relative sensitivity of less than 1% of the maximum overall sensitivity (Fig. 4) are removed. The 152 reactions considered are listed in Table 4 ; the kinetic rates k are presented in a modified Arrhenius format, using the following equation: 
B. Comparison
The reduced model is compared to the complete model in order to assess its validity. First, the experimental results presented earlier are used, as presented in Fig. 5 . Even though most of the test-cases presented show differences (10 % at most), the results remain valid and are still in good agreement with the experimental data. Finally, the two models are compared using the ablating gas composition of trajectory point number 12 of Table 1 . As if the gas was traveling through the boundary layer, the initial temperature is set to 5000 K and the pressure to 0.01 atmosphere. The results are presented in Figs. 6 to 8; in this case, the species concentrations overlap, and no difference is observable for the important species.
VI. Conclusion
As part of a continuing project to improve heat and ablation rate modeling on hypersonic re-entry vehicles, the first form of a coherent chemistry model for computing the outer flow of a re-entry vehicle using an ablative heat shield has been presented. First, species were chosen in regards to what is deemed important in the flow conditions. Next, reactions were evaluated and chosen from various sources in the literature in order to create a complete model, which was then validated using various experimental results. Next, the model was reduced to a more manageable number of species and reactions, using zero dimensional and one dimensional sensitivity analyses. This reduced model was then compared to the complete model, to insure its validity. Even though this latest model is usable in its present form, the next step will be to further reduce it for improved efficiency in CFD codes. 
